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   5.	  Replica1on	  Kine1cs	  of	  PRRSV	  Variants	  
•  Infec1vity	  of	  variants	  was	  determined	  by	  calcula1ng	  par1cle	  to	  
infec1vity	  (P:I)	  ra1os	  
•  P:I	  ra1os	  were	  determined	  by	  infec1ng	  MARC-­‐145	  cells	  with	  equal	  
number	  of	  virus	  copies	  for	  each	  PRRSV	  variant	  	  
•  PRRSV	  variants	  from	  pigs	  6774	  and	  1453	  were	  less	  infec1ous	  than	  
FL12	  
•  The	  variants	  from	  rebound	  pig	  6644	  and	  persistent	  pigs	  1474	  and	  
6738	  had	  similar	  P:I	  ra1os	  as	  FL12	  
•  The	  four	  neutralizing	  an1body	  escape	  variants	  are	  less	  infec1ous	  
than	  FL12,	  sugges1ng	  a	  loss	  of	  infec1vity	  associated	  with	  immune	  
escape	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6.	  Summary	  and	  Conclusions	  
RNA	  viruses	  are	  known	  for	  their	  gene1c	  variability,	  allowing	  for	  rapid	  adapta1on	  to	  changing	  host	  environments.	  Gene1c	  and	  
an1genic	  varia1on	  can	  confer	  viral	  escape	  from	  the	  host	  immune	  response	  but	  can	  oben	  be	  associated	  with	  a	  decrease	  in	  viral	  
ﬁtness.	  Porcine	  reproduc1ve	  and	  respiratory	  syndrome	  virus	  (PRRSV),	  in	  par1cular,	  is	  known	  for	  it’s	  variability	  and	  persistence	  in	  
swine	  popula1ons.	  
RNA	  viruses	  are	  known	  for	  their	  gene1c	  variability,	  allowing	  for	  rapid	  adapta1on	  to	  changing	  host	  environments.	  Gene1c	  and	  
an1genic	  varia1on	  can	  confer	  viral	  escape	  from	  the	  host	  immune	  response	  but	  can	  oben	  be	  associated	  with	  a	  decrease	  in	  viral	  
ﬁtness.	  Porcine	  reproduc1ve	  and	  respiratory	  syndrome	  virus	  (PRRSV)	  is	  an	  RNA	  virus	  that	  causes	  an	  economically	  devasta1ng	  
disease	  of	  swine.	  In	  order	  to	  evaluate	  ﬁtness	  costs	  associated	  with	  immune	  escape,	  we	  analyzed	  a	  panel	  of	  PRRSV	  variants	  for	  
trade-­‐oﬀs	  in	  viral	  ﬁtness.	  To	  determine	  if	  escape	  was	  accompanied	  by	  changes	  in	  replica1on	  ﬁtness,	  the	  PRRSV	  variants	  were	  
characterized	  for	  infec1vity	  and	  growth	  kine1cs	  in	  vitro.	  All	  four	  escape	  variants	  were	  signiﬁcantly	  less	  infec1ous	  than	  both	  the	  
parental	   FL12	   virus	   and	   non-­‐escape	   variants,	   indica1ng	   immune	   escape	   is	   associated	   with	   a	   decrease	   in	   infec1vity.	   PRRSV	  
variants	   diﬀered	   in	   replica1on	   kine1cs,	   but	   diﬀerences	   were	   not	   associated	   with	   an	   immune	   escape	   phenotype.	   Together,	  
these	  results	  indicate	  that	  gene1c	  changes	  in	  mul1ple	  PRRSV	  envelope	  proteins	  conferring	  immune	  escape	  are	  associated	  with	  
decreased	  infec1vity,	  and	  may	  alter	  replica1on	  rate.	  	  
	  
A	  recent	  study	  from	  the	  PRRS	  Host	  Gene1cs	  Consor1um	  (PHGC)	  reported	  that	  up	  to	  25%	  of	  experimentally	  infected	  pigs	  ini1ally	  
controlled	  virus	  replica1on	  but	  experienced	  a	  rebound	  in	  viremia	  by	  42	  dpi.	  Characteriza1on	  of	  viral	  genotypes	  in	  ﬁve	  PHGC	  pigs	  that	  
displayed	  	  diﬀering	  virological	  outcome	  revealed	  dis1nct	  PRRSV	  variants,	  including	  immune	  escape	  variants.	  	  
	  
7.	  Acknowledgements	  
Many	  thanks	  to	  the	  University	  Honors	  Program	  for	  the	  opportuni1es	  in	  scholarship	  and	  research.	  	  
We	  thank	  the	  PRRS	  Host	  Gene1cs	  Consor1um	  for	  providing	  pig	  serum	  samples	  and	  the	  NVSL97-­‐7895	  inoculum	  
virus.	  	  
We	  thank	  Dr.	  Fernando	  A.	  Osorio,	  Dr.	  Asit	  K.	  Painaik,	  and	  Dr.	  Byung	  Kwon	  for	  the	  pFL12	  plasmid,	  and	  for	  advice	  
in	  construc1on	  of	  chimeric	  infec1ous	  clones	  and	  virus	  produc1on.	  	  
Funding	  Sources:	  	  USDA,	  NIFA,	  HEP,	  Na1onal	  Needs	  Graduate	  Fellowship	  2011-­‐38420-­‐20050	  and	  The	  Na1onal	  
Pork	  Board	  Projects	  #12-­‐173	  ,	  #14-­‐222	  
100	  
1,000	  
FL12	   6774A	   6774B	   1453A	   1453B	   6644	   1474A	   6738A	  
In
fe
c1
vi
ty
	  (F
FU
/1
07
	  V
ira
l	  C
op
ie
s)
	  
WT	   Escape	   Non-­‐escape	  
Please cite this article in press as: Veit, M.,  et al., Membrane proteins of arterivirus particles: Structure, topology, processing and function.
Virus Res. (2014), http://dx.doi.org/10.1016/j.virusres.2014.09.010
ARTICLE IN PRESSG ModelVIRUS-96405; No. of Pages 21
2 M. Veit et al. / Virus Research xxx (2014) xxx–xxx
Fig. 1. Scheme of an arterivirus particle. The membrane contains the major Gp5/M
complex (blue and orange), the minor glycoprotein complex Gp2/3/4 (green, red and
purple, respectively), the small hydrophobic E protein (dark blue) and the ORF5a
protein (yellow).
to include epithelial cells (Zhou and Yang, 2010). Transmission is
mainly via the respiratory route; sexual transmission occurs as well
(Cho and Dee, 2006; Nodelijk, 2002; Rossow, 1998).
One common, relevant trait of arterivirus infection is persis-
tence. After acute infection, the virus is often not eliminated
entirely, but continues to replicate at low levels in lymphoid tis-
sues (PRRSV) or in the reproductive tract (EAV). It is generally
assumed that the host’s immune system is incapable of setting up a
robust immune response against the virus. This is evidenced by the
finding that neutralizing antibodies against PRRSV and LDV are gen-
erated only late after infection, a d that their titres stay low. Several
hypotheses about the mechanistic basis for persistence have been
put forward (for review, see Chand et al., 2012; Darwich et al., 2010;
Kimman et al., 2009; Mateu a d Diaz, 2008; Murtaugh and Genzow,
2011).
This article will focus on the biochemical processing of the
structural proteins of arteriviruses, with emphasis on EAV and
PRRSV. We  believe that understanding the biochemical proper-
ties of the viral proteins is highly relevant, not least in order to
develop vaccines and treatments for the arteriviral diseases in a
knowledge-based manner. In addition, some molecular features
of the arteriviral proteins are very interesting from a cell biolog-
ical point of view since they have been found to be unusual or
even unique. For background information on the cellular biology
of synthesis and processing of membrane proteins and the molec-
ular features of the enzymes and proteins involved, the reader is
referred to Addendum. Upon their first appearance in the main text,
terms related to these topics are highlighted in italics and bold to
refer the reader to Addendum.
1.1. The structural proteins of arteriviruses: overview
Due to similarities in genome organization and replication strat-
egy, Arteriviridae are grouped in the order Nidovirales together
with Coronaviridae,  Roniviridae and Mesoniviridae.  The biochemi-
cal properties of the structural proteins are, however, markedly
different in Arteriviridae; yet, all Nidovirales share the property of
possessing a nested genome, where the structural proteins are
expressed from a set of 3′ co-terminal subgenomic mRNAs (Fang
and Snijder, 2010; Gorbalenya et al., 2006). The open reading frames
encoding the structural proteins are partially overlapping. Accord-
ingly, one needs to keep in mind that a given amino acid context
in a structural protein may  actually be a by-product of evolution-
ary pressure on a different protein, encoded in part by the same
RNA sequence. Also, this feature restricts the possibility to address
virus protein mutations in recombinant viruses without affecting
the overlapping ORFs.
Arteriviruses contain at least seven structural proteins (Fig. 1;
Music and Gagnon, 2010). The nucleocapsid protein N builds the
scaffold for the genomic RNA, and several membrane proteins are
incorporated into the viral envelope: the glycoproteins Gp2, Gp3,
Gp4 and Gp5 as well as the non-glycosylated membrane proteins
M and E. Gp2/3/4 form a disulphide-linked heterotrimeric com-
plex in virus particles, and Gp5 is disulphide-linked to M.  N, M
and Gp5 are major virion components, whereas E, Gp2, Gp3 and
Gp4 are referred to as minor structural proteins (de Vries et al.,
1992). A novel membrane-anchored protein encoded by an alter-
native open reading frame of the subgenomic mRNA encoding Gp5
was discovered recently. This ORF5a protein is incorporated into
virus particles, but probably as a very minor component (Firth et al.,
2011; Johnson et al., 2011). Yet, it is relevant for replication: PRRSV
does not replicate in the absence of the ORF5a protein, whereas
recombinant EAV lacking the ORF5a protein could be generated,
but grew to low titres and displayed a tiny plaque size (Firth et al.,
2011; Sun et al., 2013). Very recently, the non-structural protein
nsp2 was shown to be incorporated into virions of a variety of
PRRSV strains (Kappes et al., 2013). This protein is predicted to have
several transmembrane-spanning regions and assists in the induc-
tion of double membrane vesicles, ER-derived membrane scaffolds
forming the viral replication and transcription complex (Snijder
et al., 2001). The role of nsp2 in virions is not yet understood.
From reverse genetics experiments with EAV and to some extent
PRRSV, it is known that all structural proteins of either virus are
essential for virus replication. If either Gp5 or M is deleted from
the viral genome, no virus particles are released from infected
cells. Thus, Gp5 and M are required for virus budding (which
does not exclude additional functions, e.g. during virus entry). If
expression of either Gp2 or Gp3 or Gp4 is abrogated, virus-like
particles bud from cells, but the particles are not infectious, indi-
cating that cell entry is disturbed in the absence of the minor
glycoprotein complex (Wieringa et al., 2004; Wissink et al., 2005).
Furthermore, the Gp2/3/4 complex governs cell tropism: When the
ectodomains of EAV and PRRSV are swapped, the cell tropism of the
resulting recombinant virus is altered, but not by exchanging the
ectodomains of Gp5 and M (Dobbe et al., 2001; Lee and Yoo, 2006;
Tian et al., 2012; Verheije et al., 2002). Interestingly, the Gp2/3/4
complex interacts either physically or functionally with E. Removal
of E from the viral genome completely prevents incorporation of
the Gp2/3/4 complex into virus particles, whereas in the absence
of either Gp2, Gp3 or Gp4, the amount of E in virions is greatly
reduced (Wieringa et al., 2004). Another peculiarity of the Gp2/3/4
complex is that Gp3 appears to be linked to the pre-formed Gp2/4
dimer only after virus budding (Wieringa et al., 2003b).
1.2. Virus particles, budding and cell entry of arteriviruses
Arterivirus particles are pleomorphic, but typically spherical or
oval with a diameter of approx. 60 nm and a relatively smooth outer
surface (for review, see Dokland, 2010; Snijder and Meulenberg,
1998). The nucleocapsid – comprising the viral RNA wrapped by the
N protein – is arranged as a double-layered, spherical hollow core,
separated from the lipid envelope by a gap of 2–3 nm as revealed
by cryo-electron tomography (Spilman et al., 2009). The arterivirus
particles are produced intracellularly; no budding is observed at
the plasma membrane (Costers et al., 2006; Mardassi et al., 1994;
Wada et al., 1995). According to various electron microscopy stud-
ies, virus particle generation proceeds by budding of pre-formed
nucleocapsids into the lumen of the smooth endoplasmic reticu-
lum (ER) and/or the Golgi apparatus (Pol et al., 1997; Snijder and
Meulenberg, 1998; Wada et al., 1995; Wood et al., 1970). In analogy
to the distantly related coronaviruses (Klumperman et al., 1994;
Stertz et al., 2007), the ERGIC – the ER–Golgi intermediate compart-
ment – could be the budding compartment, which has, however,
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Fig. 3. Overview of the PRRSV replicative cycle highlighting the various steps in viral RNA and protein synthesis. Genome translation yields the pp1a and pp1ab replicase
polyproteins that are cleaved into themature nonstructural proteins. These assemble into a replication and transcription complex (RTC) that recognizes the 3′ of the genome to
initiate minus-strand RNA synthesis. Continuousminus-strand RNA synthesis yields the genome-lengthminus strand template for genome replication. Guided by regulatory
RNA sequences (TRSs, in orange) and proteins (see Fig. 4), discontinuous minus-strand RNA synthesis produces a nested set of subgenome-length minus strands that serve
as templates for sg mRNA synthesis. The ORFs expressed from the respective mRNAs are indicated. The common 5′ leader (L) sequence on the mRNAs and the common 3′
anti-leader (A) on the minus-strand RNAs are indicated. (For interpretation of the references to color in t is figure legend, the reader is referred to the web version of the
article.)
is translocated to the 5′-proximal region of the genomic template,
base pairs to the leader TRS, and is extended with the complement
of the leader sequence. The subgenome-length minus-strand tem-
plates produced in this manner then serve as templates for the
synthesis of the various sg mRNAs. Discontinuous minus-strand
RNA synthesis likely ‘competes’ with the synthesi of the full-
length minus strand, implying that regulatory mechanisms must
exist to control the use of the genomic RNA template for full-
length versus subgenome-length minus-strand prod ction. In the
EAV model, nsp1 appears to be a key regulatory factor in this
context (Fig. 4) and was recently proposed to control the produc-
tion of each of the viral mRNA by determining the accumulation
level of their respective minus-strand templates (Nedialkova et al.,
2010).
By reverse genetics, EAV nsp1 was first shown to be dispens-
able for genomeamplificationbut essential for sgmRNAproduction
(Tijms et al., 2001). A predicted zinc finger domain in its N-terminal
region, whose existence was recently confirmed in the PRRSV
nsp1! structure (Sunet al., 2009a),was implicated in the regulation
of sg RNA synthesis. Subsequently, by extensive characterization
of a set of mutants, nsp1 was identified as a multifunctional pro-
tein that interconnects three important step of the EAV replicativ
cycle: replicase polyprotein cleavage, sg mRNA production, and
virion biogenesis (Tijms et al., 2007; Nedialkova et al., 2010).
Although replication can proceed in the absence of nsp1, its auto-
proteolytic release was found to be essential for RNA synthesis,
suggesting that nsp2 functionality depends on cleavage of the
nsp1/2 site. A similar observation was made for PRRSV nsp2 and
the critical processing of the nsp1"/2 site (Kroese et al., 2008).
The postulated key role for the nsp1/nsp1! zinc finger domainwas
supported by the complete and selective block of sg mRNA accu-
mulationobserveduponmutagenesisof zinc-coordinating residues
in EAV nsp1 (Tijms et al., 2007). Subsequently, transcription-
negative phenotypes were also obtained upon replacements of
charged residues in the PCP! and PCP" domains. This underlines
the importance of all subdomains of nsp1, which was recently
proposed to modulate the accumulation of both genome- and
subgenom -length minus-st nd RN and thereby fi -tune the
relative abundance of each of the viral mRNAs in the infected cell
(Fig. 4; Nedialkova et al., 2010). In PRRSV, this function is likely per-
formed by nsp1!, sinc inactivation of the nsp1!/nsp1" cleavage
yielded a replication-positive, sg mRNA-negative phenotype simi-
lar to that observed for a variety of EAV nsp1mutants (Kroese et al.,
2008). Examining the interactions of nsp1/nsp1! with other viral
proteins, like RdRp and helicase, and the RNAmotifs directing viral
RNA synthesis is an obvious starting point in dissecting the molec-
ular basis of the regulatory activities of nsp1 proteins in arterivirus
RNA synthesis.
Surprisingly, replacements of certain residues in the zinc finger
and PCP! domains of EAV nsp1 had little effect on the accumula-
tionof EAVRNAs, but greatly decreased theproductionof infectious
progeny particles, suggesting that nsp1 is important for virion bio-
genesis as well (Nedialkova et al., 2010) and participates in the
poorly charac rized multi-step process of virion assembly and
release. A final remarkable fe ture of EAV nsp1 a d PRRSV nsp1!
and nsp1", their partially nuclear localization (Tijms et al., 2002;
Tijms and Snijder, 2003; Chen et al., 2010a), will be discussed in
more detail below.
2.4. Hydrophobic nsps inducing extensive reorganization of
intracellular membranes
With the exception of nsp1(!/") proteins, all arterivirus repli-
case subunits studied to date were found to exclusively localize to
•  Immune	  escape	  in	  PPRSV	  variants	  is	  associated	  with	  a	  decrease	  in	  infec1vity	  
	  
•  PRRSV	  variants	  diﬀered	  in	  replica1on	  kine1cs,	  but	  diﬀerences	  were	  not	  associated	  with	  
an	  immune	  escape	  phenotype	  
•  Gene1c	  changes	  in	  the	  PRRSV	  envelope	  that	  confer	  immune	  escape	  are	  associated	  
with	  reduced	  replica1ve	  ﬁtness	  
•  Replica1on	  rates	  of	  rebound	  variants	  and	  FL12	  were	  tested	  in	  MARC-­‐145	  
cells	  	  
•  Cells	  were	  infected	  with	  an	  equal	  number	  of	  infec1ous	  units	  of	  each	  
virus	  
•  Supernatants	  were	  harvested	  at	  sequen1al	  1me	  points	  through	  72	  hpi	  
and	  1tered	  for	  infec1ous	  virus	  
The	  PRRSV	  envelope	  proteins,	  encoded	  by	  ORF2-­‐6,	  play	  a	  
key	  role	  in	  virus	  aiachment	  and	  entry	  into	  the	  host	  cell.	  
Thus,	  they	  are	  a	  major	  target	  for	  host	  neutralizing	  
an1body.	  Changes	  in	  the	  envelope	  proteins	  enabling	  
escape	  from	  the	  host	  immune	  response	  have	  the	  
possibility	  of	  aﬀec1ng	  the	  virus’s	  replica1ve	  ﬁtness	  by	  
reducing	  the	  capacity	  of	  aiachment	  or	  entry.	  	  
In	  the	  present	  study,	  we	  tested	  the	  hypothesis	  that	  PRRSV	  immune	  escape	  
variants	  are	  associated	  with	  changes	  in	  replica1ve	  ﬁtness	  with	  the	  following	  
objec1ves:	  
	  
1.  Determine	  if	  immune	  escape	  is	  associated	  with	  decreased	  infec1vity.	  	  
2.  Determine	  if	  PRRSV	  variants	  display	  diﬀerent	  replica1on	  rates.	  	  
•  The	  6774A	  	  rebound	  variant	  replicated	  faster	  than	  FL12	  
•  The	  1453B	  and	  6644	  rebound	  variants	  replicated	  more	  slowly	  than	  
FL12	  	  
•  PRRSV	  variants	  diﬀer	  in	  replica1on	  kine1cs,	  but	  diﬀerences	  are	  not	  
associated	  with	  an	  immune	  escape	  phenotype	  
•  Sera	  from	  rebound	  pigs,	  but	  not	  persistent	  pigs,	  had	  neutralizing	  an1body	  (NAb)	  to	  the	  inoculum	  virus	  
•  Rebound	  variants	  were	  tested	  for	  escape	  from	  autologous	  rebound	  sera	  
•  Variants	  from	  pigs	  6774	  and	  1453	  escaped	  from	  NAb	  	  
•  Variant	  6644	  virus	  does	  not	  escape	  NAb	  
Ø  Results	  indicate	  some,	  but	  not	  all,	  rebound	  variants	  escape	  neutraliza1on	  by	  autologous	  sera	  	  
Do#rebound#and#persistent#pigs#produce#NAb#to#the#inoculum?#
•  Tested#day#42#sera#for#neutralizing#ac=vity#against#inoculum#via#focus#assay#
!  Presence#of#NAb#in#day#42#sera#from#rebound#pigs#but#not#persistent#pigs#
!  Consistent#with#hypothesis#that#rebound#virus#comprised#of#NAb#escape#variants#
#Next:#Test#rebound#virus#for#escape#from#NAb#
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Not	  All	  Virions	  Are	  Infec1ous	  
Host	  Cell	  
•  Par1cle:Infec1vity	  (P:I)	  ra1os	  allow	  us	  
to	  compare	  viruses	  based	  on	  rela1ve	  
infec1vity	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Gene1c	  changes	  in	  envelope	  of	  PRRSV	  variants	  	  
•  Virus	  was	  isolated	  from	  the	  inoculum	  and	  pig	  sera	  collected	  at	  a	  high-­‐1ter	  late	  day	  
•  ORF2-­‐6	  was	  ampliﬁed	  from	  each	  sample	  and	  cloned	  
•  Up	  to	  30	  individual	  clones	  were	  sequenced	  per	  sample	  	  
•  Sequence	  analysis	  revealed	  dominant	  PRRSV	  variants	  speciﬁc	  to	  individual	  pigs	  	  
